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In a general framework, valid for any H → H ′`−ν¯` semileptonic decay, we analyze the
d2Γ/(dωd cos θ`) and d
2Γ/(dωdE`) distributions, with ω being the product of the hadron four-
velocities, θ` the angle made by the three-momenta of the charged lepton and the final hadron in
the W− center of mass frame and E` the charged lepton energy in the decaying hadron rest frame.
Within the Standard Model (SM), d2Γ/(dωdE`) ∝
(
c0(ω) + c1(ω)E`/M + c2(ω)E
2
` /M
2
)
, with M
the initial hadron mass. We find that c2(ω) is independent of the lepton flavor and thus it is an ideal
candidate to look for lepton flavor universality (LFU) violations. We also find a correlation between
the a2(ω) structure function, that governs the (cos θ`)
2 dependence of d2Γ/(dωd cos θ`), and c2(ω).
Apart from trivial kinematical and mass factors, the ratio of a2(ω)/c2(ω) is a universal function
that can be measured in any semileptonic decay, involving not only b → c transitions. These two
SM predictions can be used as stringent tests in the present search for signatures of LFU violations.
Finally, we calculate the d2Γ/(dωdE`) distribution for the case of Λb → Λc`ν¯` decay, using a set
of form-factors obtained from an unquenched lattice QCD simulation, and show the lepton-helicity
decomposition of dΓ/dω for the τ−mode.
Introduction. — The discrepancies, between available
data and the Standard Model (SM) predictions seen in
semileptonic B−meson decays, point at the possible ex-
istence of new physics (NP), affecting to the third quark
and lepton generations, responsible for lepton flavor uni-
versality (LFU) violations [1]. Present average results for
the RD(∗) = B→D
(∗)τν¯τ
B→D(∗)`ν¯` ratios (` = e, µ), show a tension
with the SM predictions at the 4.4 standard deviations
(σ) level [Heavy Flavour Averaging Group (HFLAV) [2],
using BaBar [3, 4], Belle [5–7] and LHCb [8, 9] data and
SM predictions [8, 10–12] ]. New preliminary measure-
ments by the Belle Collaboration [13] reduce however
this tension with the SM predictions to 1.2σ. A general
model-independent analysis of different b→ c`ν` charged
current (CC) transition operators has been addressed in
Ref. [14] within an effective field theory approach. The
main conclusion of this study is that the anomaly is still
present and can be solved by NP, in agreement with pre-
vious works (see f.i. the pioneering work of Ref. [15]).
This anomaly can be corroborated in Λb → Λc`ν¯` de-
cays, which are also governed by the b → c transition.
The ω−shape of the differential width for muons has been
recently measured by the LHCb Collaboration [16], and
there exist prospects [17] that the level of precision in
the RΛc = Γ(Λb→Λcτν¯τ )Γ(Λb→Λcµν¯µ) ratio might reach that obtained
for RD(∗) . The form factors relevant for this transition
are strongly constrained by heavy quark spin symmetry
(HQSS), since no subleading Isgur-Wise (IW) function
occurs at order O(ΛQCD/mb,c) and only two subleading
functions enter at the next order [18, 19]. Therefore,
this reaction is, from the theoretical point of view, as
appropriate as the B → D(∗) processes for the study
of b → c LFU violations. In addition, precise results
for these form factors were obtained in Ref. [20] using
Lattice QCD (LQCD) with 2+1 flavors of dynamical
domain-wall fermions. Leading and subleading HQSS IW
functions are simultaneously fitted to LQCD results and
LHCb data, and are used to accurately predict the RΛc
ratio in the SM [19]. NP corrections to the latter ratio
have been also examined in several works, and here we
just quote two of the most recent ones [14, 21]. Finally,
we should also mention that the Λb → Λc`ν¯` decay pro-
vides an alternative method to determine the Cabibbo-
Kobayashi-Maskawa matrix element |Vcb| and to study
the unitarity triangle within the SM.
In this work we introduce a general framework to
study any H → H ′ semileptonic decay for unpolarized
hadrons. Within this scheme we find general expressions
for the d2Γ/(dωd cos θ`) and d
2Γ/(dωdE`) differential de-
cay widths (see below), each of them expressible in terms
of three different structure functions. Proceeding in this
way, we have uncovered two new observables that can
be measured and used as model independent tests for
LFU violation analyses. This is discussed in next sec-
tion, where we consider a general semileptonic Hb → Hc
transition, and constitutes the most relevant result of this
work. After that we apply the general framework to the
analysis of the Λb → Λc decay. Using the LQCD form
factors of Ref. [20], we evaluate the six structure con-
stants and the dΓ/dω differential rate. For the case of a
final τ lepton we give explicitly the contributions coming
from positive and negative helicities measured, both in
the center of mass (CM) of the W− boson (CM of the
two final leptons) and in the Hb rest frame (LAB).
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2Decay Width. — We consider the semileptonic decay of
a bottomed hadron (Hb) into a charmed one (Hc) and
`ν¯`, driven by the CC b → c transition. In the SM, the
differential decay width for massless neutrinos reads [22],
d2Γ
dωds13
=
G2F |Vcb|2M ′2
(2pi)3M
Lµν(k, k′)Wµν(p, q) (1)
with GF = 1.166× 10−5 GeV−2 the Fermi coupling con-
stant, M (M ′) the mass of the initial (final) hadron and
W and L, the hadron and lepton tensors. The latter
one, after summing over all lepton polarizations is given
by (0123 = +1)
Lµν(k, k
′) = k′µkν + kµk
′
ν − gµνk · k′ + iµναβk′αkβ , (2)
with k′ (k) the outgoing charged lepton (neutrino) four-
momentum. In addition, the product of the two hadron
four velocities ω and q2 = (k + k′)2 are related via q2 =
M2 + M ′2 − 2MM ′ω and s13 = (p − k)2, with p the
four momentum of the decaying Hb particle. Finally, the
dimensionless hadron tensor is constructed from the non-
leptonic CC vertex jµ as
Wµν(p, q) =
∑
〈Hc; p′|jµcc|Hb; p〉〈Hc; p′|jνcc|Hb; p〉∗ (3)
with p′ = p− q. The sum is done over initial (averaged)
and final hadron spins, and the states are normalized as
〈~p, r|~p ′, s〉 = (2pi)3(E/M)δ3(~p−~p ′), with r, s spin indices.
Lorentz covariance leads to the general decomposition
Wµν(p, q) = −gµνW1 + p
µpν
M2
W2 + i
µναβpαqβ
W3
2M2
+
qµqν
M2
W4 +
pµqν + pνqµ
2M2
W5 (4)
actually valid for any H → H ′ CC transition with unpo-
larized hadrons1. The Wi structure functions are scalar
functions of q2 or equivalently of ω. The double differen-
tial decay width can be rewritten introducing the angle
(θ`) made by the charged lepton (`) and the final hadron
1 We have not included an antisymmetric term proportional to
(pµqν − pνqµ), since it would lead to time-reversal odd correla-
tions [23, 24].
(Hc) in the W
−boson CM frame as
d2Γ
dωd cos θ`
=
G2F |Vcb|2M ′3M2
16pi3
√
ω2 − 1
(
1− m
2
`
q2
)2
A(θ`)
A(θ`) = a0(ω) + a1(ω) cos θ` + a2(ω) cos
2 θ` (5)
a0 = 2
q2
M2
W1 +
M ′2
M2
(ω2 − 1)W2
+
m2`
q2
(
M2ω
M2
W2 +
q4
M4
W4 +
q2Mω
M3
W5
)
a1 = −q
2M ′
M3
√
ω2 − 1W3
+
√
ω2 − 1 m
2
`
q2
M ′
M
(
2
Mω
M
W2 +
q2
M2
W5
)
a2 = −M
′2
M2
(ω2 − 1)
(
1− m
2
`
q2
)
W2 (6)
with Mω = (M −M ′ω) and m` the mass of the charged
lepton. The variable ω varies from 1 to ωmax = (M
2 +
M ′2 −m2`)/(2MM ′) and cos θ` between −1 and 1. The
terms proportional to m2` in each of the coefficients
ai=0,1,2 account for the contributions from positive he-
licity of the outgoing `. This follows from the expression
of the lepton tensor for a charged lepton with well defined
helicity (h = ±1),
Lµν(h) =
Lµν
2
− h
2
sα
× (kµgνα + kνgµα − kαgµν + iηµναβkβ) , (7)
where sα = (|~k′|, k′0kˆ′) and kˆ′ = ~k′/|~k′|.
We are also interested in the double differential de-
cay width with respect to ω and the energy (E`) of the
charged lepton in the LAB frame
d2Γ
dωdE`
=
G2F |Vcb|2M ′2M2
8pi3
[
c0(ω) + c1(ω)
E`
M
+ c2(ω)
E2`
M2
]
c0 =
q2
M2
(
2W1 −W2 − Mω
M
W3
)
+
m2`
M2
(
−2W1 +W2 + Mω
M
(2W4 + 2W5 −W3)
− M
2 −M ′2 +m2`
M2
W4
)
c1 = 2
(
2
Mω
M
W2 +
q2
M2
W3 − m
2
`
M2
W5
)
c2 = −4W2 (8)
with E` ∈ [E−` , E+` ],
E±` =
Mω(q
2 +m2`)±M ′
√
ω2 − 1(q2 −m2`)
2q2
(9)
The relevance of this distribution is in the fact that
within the SM, and up to small electroweak corrections,
the c2(ω) structure function does not depend on the lep-
ton mass. Therefore, this function determined in ` = e, µ
3decays should be the same as that seen in τ decays. This
is a clear test for LFU in all type of semileptonic b → c
decays that to our knowledge has not been considered so
far. A similar comment holds for a2(ω) entering in the
CM angular distribution of Eq. (5), after accounting for
the trivial (1−m2`/q2) kinematical factor. Furthermore,
the ratio
M2
M ′2
a2(ω)
(1−m2`/q2)c2(ω)
= (ω2 − 1)/4 (10)
is a universal function that should be found in all type
of q → q′`ν¯` transitions, since in that ratio the structure
function W2 cancels out. This is a stringent test of the
predictions of the SM, and in principle, this ratio can be
measured in any semileptonic decay: D → K¯, D → pi,
D → K¯∗, D → ρ, K¯ → pi, B¯s → K, B¯ → pi, Λb → Λc,
Λ→ p, Λc → Λ, etc.
Using Eq. (7) in the LAB frame, we obtain
d2Γ(h)/(dωdE`) for a charged lepton with a well defined
helicity (h = ±1)
d2Γ(h)
dωdE`
=
G2F |Vcb|2M ′2M2
8pi3
Ch(ω,E`) (11)
Ch =
(
1
2
− h
2
E`
p`
)[
c0 + c1
E`
M
+ c2
E2`
M2
]
− h
2
m2`
Mp`
[
ĉ0(ω) + ĉ1(ω)
E`
M
]
(12)
ĉ0(ω) = −2Mω
M
(
2W1 +W2 − m
2
`
M2
W4
)
− q
2 −m2`
M2
W5
+
M2ω + (ω
2 − 1)M ′2 +m2`
M2
W3 (13)
ĉ1(ω) = 2
(
2W1 +W2 − Mω
M
W3 − q
2
M2
W4
)
(14)
with p` =
√
E2` −m2` the charged lepton three momen-
tum. For a massless charged lepton the h = +1 contribu-
tion vanishes, as expected from conservation of chirality.
The individual contributions to d2Γ/(dωdE`) from τ lep-
tons with positive and negative helicity in the LAB frame
can not be obtained from the depolarized ` = µ, e and
` = τ data alone.
In contrast, neglecting the electron or muon masses,
the angular distribution of Eq. (5) can be used, to-
gether with measurements of the ` = µ, e and ` = τ
d2Γ/(dωd cos θ`) differential decay width, to separate
the individual contributions of positive and negative τ
helicities in the CM frame. This is to say, with great
accuracy, (1 − m2τ/q2)−2 × d2Γ/(dωd cos θτ ) for a τ
with negative helicity can be determined from the unpo-
larized d2Γ/(dωd cos θ`) measured for muons or electrons.
Semileptonic Λ0b → Λ+c `−ν¯` decay. — In this section
we apply the above-described general formalism to the
study of the semileptonic Λb → Λc decay. The hadronic
matrix element can be parameterized in terms of three
vector (Fi) and three axial (Gi) form-factors, which are
functions of ω and that are greatly constrained by HQSS
near zero recoil (ω = 1) [18, 19]
〈Λc; ~p ′; s|jµcc|Λb; ~p; r〉 = u¯(s)Λc (~p ′ )
{
3∑
i=1
Oµi Fi
}
u
(r)
Λb
(~p )
Oµ1 = γµ, Oµ2 =
pµ
MΛb
, Oµ3 =
p′µ
MΛc
(15)
with Fi = (Fi − γ5Gi), i = 1, 2, 3 and uΛb,Λc dimension-
less Dirac spinors. In this case
Wµν(p, q) =
1
2
Tr
[
/p
′ +MΛc
2MΛc
(
3∑
i=1
Oµi Fi
)
/p+MΛb
2MΛb
× γ0
(
3∑
j=1
Oµj Fj
)†
γ0
]
(16)
From this equation one can obtain the Wi structure func-
tions, and hence the ai, ci coefficients, in terms of Fi and
Gi. These form factors (Eq. (15)) are easily related to
those used in the LQCD calculation of Ref. [20], which
were given in terms of the Bourrely-Caprini-Lellouch
parametrization [25] (see Eq. (79) of [20]). Taking into
account the experimental and theoretical uncertainties,
the LQCD form-factors describe well the Λ0b → Λ+c µ−ν¯µ
normalized spectrum (dΓ/dq2)/Γ recently measured by
the LHCb Collaboration [16] (see Fig. 5 in that refer-
ence). From the integrated distribution given in Ref. [20]
and using the Λ0b lifetime (1.471 ± 0.009 ps) and the
Λ0b → Λ+c µ−ν¯µ branching fraction [(6.2 ± 1.4)%] quoted
in [22], one obtains |Vcb| = 0.044 ± 0.005 which is com-
patible with the values reported by the HFLAV [2].
For numerical calculations we use here the 11 parame-
ters and statistical correlations given in Tables VIII and
IX of Ref. [20]. The results obtained for the ai, ci struc-
ture functions, both for m` = 0 (appropriate for ` = e, µ)
and for m` = mτ , are shown in Figs. 1 and 2. We also dis-
play the 68% confident level (CL) bands that we Monte
Carlo derive from the correlation matrix reported in [20].
As mentioned above, within the SM, the c2(ω) structure function is the same for all charged leptons, providing a
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FIG. 1. Angular structure functions a0, a1 and a2 (Eq. (5)) for the Λ
0
b → Λ+c `−ν¯` decay obtained using the LQCD form factors
of Ref. [20]. Bands account for 68% CL intervals deduced from the correlation matrix given in [20].
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FIG. 2. The same as Fig. 1, but for the c0, c1 and c2 structure functions defined in the LAB distribution of Eq. (8).
perfect testing ground for LFU violation studies in b→ c
decays. We also observe that finite lepton mass correc-
tions are quite small for c1, while become more sizable for
the rest of the structure functions, which are given here
for the very first time using the realistic LQCD results of
Ref. [20].
For completeness, in Fig. 3 we show the dΓ/dω dif-
ferential decay width and its corresponding uncertainty
band inherited from the statistical correlated fluctua-
tions of the LQCD form-factors. For the τ case, we show
explicitly the SM predictions for the contributions from
tau leptons with positive and negative helicities, both in
the CM and LAB frames.
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FIG. 3. The dΓ/dω distribution for the Λ0b → Λ+c semileptonic decay predicted using the LQCD form factors of Ref. [20]. The
uncertainties bands account for 68% CL intervals, and here ` stands for a massless charged lepton. For the τ case we show the
individual contributions from tau leptons with positive (hτ = 1) and negative (hτ = −1) helicities, measured in the W− CM
(left) and in the LAB (right) frames.
Summary. — We have introduced a general framework, valid for any H → H ′`ν` semileptonic decay, to study
5the lepton polarized CM d2Γ/(dωd cos θ`) and LAB
d2Γ/(dωdE`) differential decay widths. To our knowl-
edge, this is the first time that the relevance of the
d2Γ/(dωdE`) differential decay width has been put for-
ward as a candidate for LFU violation studies in b → c
decays. Specifically, within the SM the c2(ω) structure
function appearing in that distribution is the same for
all charged leptons. That makes it a perfect quantity
for LFU violation studies. We have also found a correla-
tion between the a2(ω) structure function related to the
(cos θ`)
2 dependence in d2Γ/(dωd cos θ`) and c2(ω). This
correlation is shown in Eq. (10) and states that the ratio
a2(ω)/c2(ω), corrected by trivial kinematical and mass
factors, gives a universal function valid for any H → H ′
semileptonic decay. Again, this is a clear prediction of
the SM that can be checked against experiment. These
two results can play an important role as further tests of
the SM and LFU.
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